Abstract: GaN-based laser diodes (LDs) with different barrier layers are investigated by using simulation and experimental methods. it is found that the absorption loss always decreases with the increasing indium content of the InGaN barrier layer in InGaN/InGaN multiquantum well (MQW) LDs, It leads to an increase of slope efficiency and output power of LDs due to the better optical confinement effect of laser beam. However, when the barrier layer changes from InGaN to AlGaN, both threshold current and slope efficiency deteriorate seriously. Except for the increase of the optical absorption loss resulting from the leakage of the optical field, a large leakage of carriers due to the increased piezoelectric polarization field in InGaN/AlGaN MQW region may also be responsible for this deterioration. Therefore, suppressing the leakage of the optical field and carriers by using relatively higher In content InGaN barrier layer is benefit for obtaining high-performance LDs with low threshold current and high output power.
Suppression the Leakage of Optical Field and Carriers in GaN-Based Laser Diodes
by Using InGaN Barrier Layers
Introduction
Since the InGaN based multi-quantum well (MQW) laser diodes (LDs) firstly proposed by Nakamura [1] , [2] , they have attracted significant attentions due to numerous applications in high-density optical storage, small portable projector and laser display [3] - [6] . Different from light emitting diode (LED) devices, the performance of LDs is not only influenced by the emitting efficiency of InGaN MQWs, but also affected by the optical gain and total optical loss, which are closely related to the optical field distribution in LDs. It is necessary for LDs to increase emitting efficiency of MQW and make optical field centered in the MQW region. It is known that the optical field distribution is determined by effective refractive indices of active region, waveguide layers and cladding layers. In general, increasing the refractive index of active region and decreasing those of cladding layers are effective methods to increase the optical confinement to whole waveguide region (including lower waveguide layer, MQW region and upper waveguide layer) [7] . Therefore, using InGaN barrier layers with a relatively higher refractive index may improve the performance of LDs [8] . In addition, in past years, many researchers reported that the thermal stability of InGaN quantum wells could be significantly improved by using AlGaN barrier instead of (In)GaN one [9] , [10] , combining with the possible decrease of leakage carriers in InGaN/AlGaN MQWs due to the large effective potential depth of quantum wells, the internal quantum efficiency (IQE) of InGaN/AlGaN MQWs would increase, thus they might also be suitable for the active region material of LDs. In this work, the variation of optical and electrical properties of LDs with different In/Al content of (In,Al)GaN are investigated by the two-dimension simulator LASTIP and experimental methods. Both of them indicate that using InGaN instead of AlGaN as barrier layer's material is more suitable for the active region of MQW LDs.
Simulation and Experiment
A schematic diagram of the investigated LD structures is shown in Fig. 1 , which is a powerful device simulation program designed to simulate the operation of a semiconductor laser in two dimensions through self-consistently solving the Poisson's equation and the current continuity equations using the finite element analysis [11] , [12] . During the simulation, both p-type and n-type electrodes are set to be an ideal ohmic contact. The screening factor of polarization is set to be 0.25. The absorption coefficients of n-type and p-type layers are set as 5 cm −1 and 50 cm −1 , respectively, except for the heavily Mg-doped GaN contact layer, whose absorption coefficient is taken as 100 cm −1 . In addition, the refractive indices of InGaN and AlGaN materials are obtained by using an approximate interpolation method as the following expressions: where the refractive indices of InN, GaN and AlN are set as 5.19, 2.57 and 2.01 respectively because the lasing wavelengths increase from 416 to 418.3 nm when the barrier layer changes from Al 0.02 Ga 0.98 N to In 0.04 Ga 0.96 N [7] .
To verify the validity of the simulation results, three LDs are grown by metal organic vapor phase epitaxy (MOVPE) on free standing GaN substrates with c-plane orientation. Their structures are the same as described in LD02, LD0 and LD2, and are named as LDI, LDII and LDIII, respectively. After the growth of epilayers, the devices are processed as ridge waveguide lasers using a self-aligned process, their ridge width is 10 μm and the cavity length is 600 μm. Then the output power versus current (P-I) curves are measured at room temperature with a pulsed operation to minimize the influence of the parasitic heating, where the pulse width is 1 ms and the duty cycle is 0.1% during measurement.
Results and Disscussion
P-I-V curves of LD04, LD02, LD01, LD0, LD1 and LD2 are simulated and displayed in Fig. 2 . It can be seen from I-V curves that the voltage value at the injection current density of 28 kA/cm 2 is nearly unchanged for LD04, LD02, LD01 and LD0, while it increases for LD1 and LD2 (as shown in Fig. 2(b) ), indicating the energy band structure or the series resistance may be changed when the barrier layer changes from InGaN to AlGaN. In addition, the threshold current and the output power of these six LDs can be obtained from P-I curves. It can be seen that the threshold current density is nearly unchanged for LD04, LD02, LD01 and LD0, and the output power at the injection current density of 28 kA/cm 2 increases when the indium content of InGaN barrier layers increases from 0 to 4%. However, when the barrier layer changes from (In)GaN to AlGaN, the threshold current density increases and slope efficiency decreases abruptly. It suggests that comparing with AlGaN barrier, InGaN barrier is more suitable for LDs to obtain higher slope efficiency.
It is known that the slope efficiency of semiconductor laser diodes can be derived as [13] , [14] 
where h is the Planck constant, c is the speed of light, q is the elementary charge, λ is the emitting wavelength, α i is the internal absorption loss, α m is the mirror losses, η inj is the injection efficiency of carriers, which is the ratio of current that generates carriers in the active region over the total injection current. Therefore, the slope efficiency is mainly related to mirror loss, internal absorption loss and injection efficiency. During the simulation, the transmittance of the front cavity and the reflectivity of the rear cavity are set at the same values for all LDs, the mirror losses are also the same for all LDs. It is noticed, however, that the internal absorption loss and the injection efficiency of the carrier should be different when the barrier layer material changes. In fact, the internal absorption loss of LDs is closely related to their optical field distribution in LD structure [15] , [16] . To find the reason for variation of threshold current and output power, the optical field distribution of all LDs is studied and shown in Fig. 3 . It is noted that when compare LDs of InGaN/InGaN MQW active region (LD0) with InGaN/AlGaN MQW ones (LD1 and LD2), the optical field is better compressed for LD01, LD02, and LD04 (with InGaN/InGaN MQW active region), and the distribution becomes more concentrated in MQW region when the In content of InGaN barrier layer increases. Based on the optical field distribution of all LDs, the optical confinement factor and total internal absorption loss of LDs are calculated and shown in the inset of Fig. 3 . It is found that the optical confinement factor increases with increasing indium content of InGaN barrier (LD0, LD01, LD02, LD04) and it decreases with increasing aluminum content of AlGaN barrier layer (LD0, LD1 and LD2). It is attributed to the fact that effective refractive index increases with increasing In content of InGaN barrier or decreasing the Al content of AlGaN barrier. In this case, a larger mode gain of LDs should be obtained for LDs with InGaN/InGaN MQW active region with relatively higher In content. In addition, the total absorption loss increase abruptly when the In content of InGaN barrier decreases and afterwards becomes nearly saturated when the barrier layer changes to AlGaN. The increase of absorption loss is attributed to the fact that the proportion of the optical filed in the p-type region increases when the indium content of InGaN barrier decreases or the Al content of AlGaN increases. As a whole, the reduction of the threshold current and the increase of the slope efficiency in LDs with InGaN barrier layer should be attributed to the increase of mode gain and the reduction of absorption loss with the increase of indium content in InGaN barrier.
However, it is noted that the absorption loss of LD only increases slightly when the Al content of AlGaN barrier layer increases from 0 to 2%. Such a small change should not be responsible for a so large decrease of slope efficiency shown in Fig. 2 . Therefore, another factor, i.e., the change in injection efficiency of carriers should be considered. In fact, the injection efficiency is related to the leakage of carriers, i.e., the larger the carrier's leakage, the lower is the injection efficiency. The electron concentration in waveguide and MQW layers in LDs at the injection current density of 28 KA/cm 2 is calculated and shown in Fig. 4 . Owing to the larger energy gap of AlGaN compared with GaN, the quantum well depth in InGaN/AlGaN MQWs is larger than that in InGaN/GaN MQWs. Generally, a deeper quantum well often results in a smaller leakage of carriers due to a larger barrier height to be overcome for leakage. However, it can be seen from Fig. 4 that the electron concentration in MQWs is nearly the same for all LDs, but in upper WG layer of LD1 and LD2 it is larger than in UWG layer of other LDs. It indicates that the leakage of electrons becomes more serious when the AlGaN is used as the barrier layer instead of (In)GaN. A larger carrier concentration in the upper layer will lead to an increase of the recombination there because the probability of recombination depends on the carrier concentration [8] , [17] - [19] . It results in a waste of carriers because this recombination is not contributing to optical oscillation of LDs. Therefore, a higher threshold current density and a lower slope efficiency are obtained when AlGaN is used as the barrier layer instead of the GaN.
To further investigate the reason for a larger carrier leakage in InGaN/AlGaN MQW LDs than in InGaN/InGaN ones, the conduction band diagrams of all studied LDs under the injection current density of 28 KA/cm 2 are displayed in Fig. 5 . Similar to conventional InGaN/GaN MQW p-n junctions, the n-side of the conduction band is higher than the p-side under high injection current for all LDs. It is attributed to the applied forward voltage and the strong polarization effect in GaN barrier layer [20] . However, the n-side of conduction band for LD1 and LD2 (with AlGaN barrier) is even higher than those of other LDs. It suggests that the applied bias on LD1 and LD2 is larger than on other LDs at the same forward current density, as can be well seen from the I-V curves shown in Fig. 2 . Actually, when AlGaN is used as barrier layer material in the MQW structure grown on the c-plane GaN/sapphire template, the direction of the piezoelectric polarization electric field is the same as built-in electric field. In this case, the total electric field in AlGaN barrier increases (It is about 2 × 10 6 V/cm in Al 0.02 Ga 0.98 N barrier, two times larger than that in In 0.04 Ga 0.96 N barrier.). It results in an increased tilt (slope) of the energy band for AlGaN barrier at zero bias compared with the MQW structures using GaN or InGaN barrier layers. Therefore, a larger bias must be applied to ensure the same current injection as in these LDs. That is the reason why the n-side of the conduction band in this case is raised to even higher [20] . It agrees well with the fact that the n-side of conduction band for LD2 is the highest one as shown in Fig. 5 . Thus, the energy of electrons in n-side of InGaN/AlGaN MQW LDs is larger than in InGaN/InGaN ones, leading to an increase of the driving force for electrons to overflow from the active region, and therefore the carrier injection efficiency of LDs is reduced. Combining with the large optical absorption loss of InGaN/AlGaN MQW LDs mentioned above, the slope efficiency also decreases abruptly when the AlGaN material is used as barrier layers, indicating that InGaN/AlGaN MQWs structure is not suitable for the active region in LD devices even though they have higher emission efficiency as previously reported [9] .
In order to verify the simulation results, three LDs (LDI, II and III) with the same structures as LD02, LD0 and LD2 are grown by MOCVD and the laser diodes are fabricated. P-I curves are measured and shown in Fig. 6 . It is found that the threshold current density of LD III is much higher than those of LDI and LDII. In addition, the slope efficiency of LD III with InGaN/AlGaN MQW active region is the lowest one while that of LD I is the highest one. The experimental results agree well with the simulation ones, indicating that the performance of LDs with InGaN/InGaN MQWs is better than InGaN/GaN MQWs or InGaN/AlGaN MQWs due to the decrease of both optical loss and carrier leakage, demonstrating that using InGaN instead of AlGaN is important for improving the performance of InGaN based LDs.
Conclusions
Influence of barrier layer material on the performance of InGaN based MQW LDs is investigated by simulation and experimental methods. It is found that using InGaN/InGaN MQW structure as the active region of LDs is beneficial for improving their performance due to increased optical confinement with taking InGaN as barrier material or increasing In content of the InGaN barrier layers. It is shown, as a comparison, that when the barrier layer changes to be AlGaN, due to the enhanced leakage of optical field and carriers, the threshold current density increases and the slope efficiency reduces abruptly.
